Evidence was sought for the existence of an inducible acid tolerance response in Mycobacterium smegmatis. Exposure of M. smegmatis to a sub-lethal, adaptive acidic pH was found to confer a significant level of protection against subsequent exposure to a lethal pH, compared to unadapted cells. Adaptation was dependent on de novo protein synthesis.
Introduction
Some bacteria possess an inducible pH homeostasis system, the acid tolerance response (ATR), that is triggered in response to mild acid and enhances survival at normally lethal pH. Inducible ATR mechanisms have been identified in such diverse bacteria as Salmonella typhimurium [ 11, Escherichia coli [2] , Listeria monocytogenes [3] , streptococci [4] , and root nodule bacteria [5] . Indeed, Foster and colleagues have described two low pH-inducible ATR systems in S. typhimurium, a log-phase ATR and a stationary-phase ATR, that allow increased survival at potentially lethal acid exposures [6, 7] .
Mycobacteria are important pathogens of animals and man. Mycobacterium tuberculosis, the causative agent of tuberculosis in humans, is responsible for around 3 million deaths per year, making it one of the most deadly bacterial pathogens known. In their role as pathogens and as free-living saprophytes, mycobacteria can encounter a range of acidic environments. For example, the activity of the antimycobacterial agent pyrazinamide in rapidly decreasing numbers of extracellular M. tuberculosis in the lungs of tuberculous patients shows that the bacilli are in an acidic environment [8] . Also, mycobacteria are prevalent in aquatic environments and sphagnum bogs [9, 10] , and as such will be exposed to acidic conditions. Growth studies have shown that members of the genus Mycobacterium differ in their optimum pH range, with fast-growing species generally able to grow over a wider pH range than slow-growers [ 11, 12] . However, whether mycobacteria can induce a protective system in response to a decrease in external pH had not yet been addressed. In the present study, we show that M. smegmatis possesses an adaptive acid tolerance mechanism that enhances survival to otherwise lethal acid pH. UK) to disrupt clumps of bacilli. Numbers of bacilli per ml were estimated by microscopy. Samples of non-sonicated culture containing approx. 1 X 10h bacteria ml-' were then added to 1 -ml volumes (in duplicate) of 7H9 medium with ADC at pH 6.0, 5.0. 4.5, 4.0, 3.5. 3.0. 2.5. and 2.0. The 7H9 medium was acidified using either filter-sterilised 2 M H,PO, or 2 M HCI. Cultures were then incubated at 37°C. At zero, 2 and 4 h after incubation, a I ml sample from each pH was removed, sonicated (as above), and 50 ~1 serially diluted before plating onto 7Hl I agar with OADC (oleic acid-albumin-dextrose-catalase) supplements (Difco) to determine culture viability.
Measurement of adclptit$e acid tolerance
The procedure for measurement of an adaptive response to acid was based on the methods of Foster and Hall [l, 14] . Two or three isolated colonies from a stock 7Hll agar plate of M. smegmutis were used to inoculate 20 ml of 7H9 medium plus ADC. Cultures were incubated at 37°C overnight with shaking (200 rpm>. A 1 1 m sample of the culture was sonicated and bacterial numbers estimated as described previously. A sample of non-sonicated culture was then added to two 50-ml volumes of 7H9 plus ADC (pH 7.6) in 500-m] vessels, to give a final cell concentration of 1 Oh bacteria ml _ ' After I2-I4 h incubation, the pH of one of the cultures was changed to pH 5.0 with filter-sterilised 2 M H ,PO,, then reincubated at 37°C to allow cell numbers to reach 2 X IO' bacteria ml-' (2 h for cultures at pH 7.6, 4 h for cultures at pH 5.0). The pH of both cultures was then changed to pH 2.5 (with 2 M H,PO,) or to pH 3.0 (with 2 M HCl). A I ml sample of each culture was taken directly after the pH change and subsequently at l-h intervals for 4 h, samples being immediately placed on ice. Culture samples were sonicated as before and 50-k] volumes from serial dilutions plated onto 7H1 1 agar containing OADC supplements (Difco). Agar plates were incubated at 37°C for 36 h and bacteria ml-' determined. Viability was defined as the numbers of bacilli remaining as a percentage of the starting count.
The &ecr of chlorumphenicol on adaptation ut pH 5.0
The first step was to determine the minimum inhibitory concentration (MIC) of chloramphenicol for M. smegmatis mc' I55 at pH 5.0. A culture of M. smegmafis mc'155 was grown overnight in 7H9 with ADC supplements at 37°C with shaking. A sample of culture was removed. sonicated, and bacterial numbers estimated by microscopy. Non-sonicated M. smegmatis (1 X lo9 bacteria ml-') were then inoculated into lo-ml volumes of 7H9 medium at pH 5.0 (acidified using 2 M H,PO,) containing chloramphenicol ranging in concentrations from 0 to 100 pg ml-'. The cultures were incubated at 37°C with shaking (200 rpm) for I6 h, then viable counts determined as before.
The minimum inhibitory concentration (MIC) of chloramphenicol was found to be 20 pg ml-'. The acid adaptation experiment was then repeated, except that 30 min before the pH was reduced to 5.0. chloramphenicol was added to a final concentration of 200 t_i,g ml-' to two cultures, while an identical volume of 100% ethanol (the solvent for chloramphenicol) was added to two control cultures. Unadapted cells were also treated with and without chloramphenicol to ensure that the effect of chloramphenicol at the lethal pH, independent of adaptation, could be taken into account. Downloaded from https://academic.oup.com/femsle/article-abstract/139/1/11/598118 by guest on 03 January 2019
Statistical methods
Results were analysed using the Student's t-test.
Results

Selecting the adaptiue and lethal pH values for M. smegmatis
Previous demonstration of an acid tolerance response in S. typhimurium [I] relied on exposure of bacteria to a mildly acidic 'adaptive' pH before exposing to a normally lethal pH. Therefore, the adaptive and lethal pH values for A4, smegmatis were determined. The lethal pH was defined as the external pH that caused a decrease in the viability of M. smegmatis. The adaptive pH was defined as the lowest pH at which M. smegmatis still replicated. Further we chose two acids, HCl and H,PO,, to reduce the pH of the mycobacterial cultures in an effort to see if adaptation was specific to the type of acid used.
The results (Table 1) suggested that pH 5.0 should be used as the adaptive pH when using HCl to acidify the growth medium, since at this pH M. smegmatis still replicated over 4 h, while cultures at pH 4.5 did not replicate. The lethal pH for HCl acidified cultures was pH 3.0, because at this pH the numbers of bacteria had declined over 2 h, whereas pH 2.5 rapidly killed the bacteria and so might prove toxic even to adapted bacteria. The same criteria Table 1 Survival of M. smegmatis over a range of pH were used to select pH 5.0 and pH 2.5 as the adaptive and lethal pH, respectively, when using H,PO, to acidify the growth medium.
Demonstration of inducible acid tolerance in M. smegmatis
The working hypothesis for demonstrating adaptive acid tolerance in M. smegmatis was that bacteria grown at the adaptive pH should show significantly greater survival at the lethal pH than unadapted cells. Cultures of M. smegmatis were grown at pH 7.6 for 14 h, then the pH of one culture was reduced to the lethal pH (pH 3.0 when using HCl, or pH 2.5 with H,PO,) while the other culture was brought to the adaptive pH (pH 5.0 when using HCl or H,PO,) and maintained at this pH for 4 h (one doubling) before the pH was changed to the lethal pH. Results from the HCl experiments are shown as paired observations in Table 2 . No significant difference was found between adapted and unadapted culture viability for the first 3 h of the experiment, although a trend to enhanced survival after adaptation is apparent. After 4 h, although adaptation was only slight in the first experiment, overall there was a significant difference (P < 0.01) in the viability of adapted cultures after 4 h at pH 3.0 when compared with unadapted cultures; adapted cultures showed at least a 3-fold greater percentage viability than unadapted cultures.
In the H,PO, experiments, the lethal pH of 2.5 that was initially chosen appeared too lethal, with t denotes time of sample taking in h. All log,, CFU ml-' values are the mean of two counts. a 2 M HCl was used to acidify the medium. b 2 M H,PO, was used to acidify the medium. Cultures were left at the adaptive pH for 15, 60 or 120 min before shifting to the lethal pH of 3.5 (pH was lowered using H,PO,).
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both adapted and unadapted cultures dying rapidly within 1 h of exposure (results not shown). Therefore, the experiments were repeated using a lethal pH of 3.5. These results are shown in Table 2 . Adapted cultures showed an overall significant difference in percentage viability at all times tested when compared with unadapted cultures; P < 0.01 overall for the first 2 h at pH 3.5, and P < 0.05 overall after 3 and 4 h at the lethal pH. Overall, the results, using either HCl or H XPO, as the means of acidification, suggest that exposure of A4. smegmatis to a mild acid stress triggers a biochemical realignment that allows the organism to survive a normally lethal acidic pH.
Time course of adaptation at pH 5.0
The length of time that cultures were kept at the adaptation pH was based on previous work [l] with S. typhimurium cultures which underwent one doubling at the adaptive pH before exposure to the lethal pH. In the case of M. smegmatis, one doubling at pH 5.0 was achieved in 4 h, and this was sufficient to allow expression of an ATR. To determine if a shorter exposure to the adaptive pH would allow development of acid resistance, cultures of M. smegmatis were held at pH 5.0 for 15, 60 and 120 min before changing the culture pH to 3.5 with H,PO,. The results of these experiments are shown in Table  3 . Cultures held at the adaptive pH for 15 min showed no evidence of increased acid resistance but increased resistance was apparent in cultures kept at pH 5.0 for 60 or 120 min.
Effect of chloramphenicol on adaptation
Development of acid tolerance could be achieved either by the induction of gene expression and the synthesis of new proteins, by a physiological alteration of the cell by the action of pre-existing molecules, such as an increase in the buffering capacity of the cytoplasm, or by a combination of both. To determine whether acid resistance in M. smegmatis relies on the synthesis of new proteins, the H,PO, Percentage viability of adapted and unadapted M. smegmatis at the lethal pH is shown, in both the absence and presence of chloramphenicol (pH was dropped using H,PO,). Abbreviations: as in Table 2 ; ND, not determined. adaptation experiments were repeated, but with the addition of chloramphenicol during adaptation. The results of these experiments are shown in Table 4 . and they support a role for protein synthesis in acid adaptation of M. smegmatis. Cultures that had received chloramphenicol 30 min before exposure to the adaptive pH showed lower levels of viability than cultures adapted in the absence of chloramphenicol. This effect of chloramphenicol was not due to increased activity at the lethal pH, as unadapted cultures that were exposed to chloramphenicol 30 min before the shift to the lethal pH showed a similar decrease in viability to unadapted cells that were not exposed to chloramphenicol.
Discussion
We investigated the ability of M. .snzegmuri.s to adapt to alterations in the external pH and found that M. smegmatis grown at pH 7.6, then shifted to the adaptive pH of 5.0, showed a significantly greater percentage viability at the lethal pH than unadapted cells. This adaptive response may play a significant role in the survival of M. smegmatis in the natural environment, where shifts in the external pH are likely to occur. Indeed. this work provides a basis not only for a more detailed understanding of M. smegmatis acid adaptation at the genetic level, but also sets the groundwork for an investigation of acid adaptation in the pathogenic mycobacteria.
The magnitude of protection was generally a 2-3 fold increase in percentage viability after 4 h exposure at the lethal pH. When compared with the adaptive response seen in other bacteria [I .4,15] , this level of protection is relatively low; perhaps this reflects the constitutive acid resistance of M. smrgmatis. Portaels and Pattyn [I I] showed that amongst other mycobacteria M. .smegmuti.s wits capable of growth over one of the widest ranges of pH of any mycobacterium, with optimum growth between pH 5.0 and 7.4 and partial growth at pH 4.6 (the lowest pH tested). This is compared to M. tubercxlosis and M. bol,is that showed optimum growth between pH 5.8 and 6.5, and were incapable of growth below pH 5.4. Chapman and Bernard [ 121 had seen a similar picture, with M. smegmatis growing between pH 3.5 and 9.5. while M. tuberculosis grew only between pH 5.0 and 8.4. These studies were performed with no obvious adaptive step; thus they reflected only constitutive levels of resistance. It will be interesting to see if the adaptive response seen with M. smrgmatis is more strongly seen in mycobacteria with weaker constitutive systems (e.g. tubercle complex). Since the environment of the host presents a number of acidic regions, adaptive systems to combat acid stress may be central in the disease process.
How the M. smegmatis acid tolerance response described here fits in with Foster's S. typhimurium ATR model is not clear. The current S. tyhimurium ATR model [ 161 is a complex interplay of RpoS-dependent and Fur-dependent pathways; indeed, Foster and colleagues have shown that different enterobacteria possesses disparate responses to acid stress. depending on the type of medium used and the growth-phase of the cells. To reach a better understanding of the response to acid stress in the mycobacteria we are continuing our investigations, both at the physiological and genetic level.
